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PERFORMANCEAT LOWSPEEDSOFCOMPRESSORROTORSHAVING

LOW-CAMBEREDNJICA65-smms BLADESWITEHIGH

INLETANGLESANDLOWSOLIDI.TIES

~ James C.BneryandPaulW. Howard

Threecompressorrotorshatinglow-cambered6-yercent-thickNACA
65-seriesbladesectionsweretestedat lowspeeds.Thetestsweremade
at soil.ditiesof 0.5,0.75,and1.0,withoutguidevanesor stators,
overrangesofblade-settinganglesandquantity-flowrates.

Therotoroperatedwithan overallefficiencygreaterthan80per-
centforallsolidifiesovera moderaterangeofanglesof attackfor
allblade-settingangles.Themeasuredblade-elementperformanceis.
cmparedwithperformanceestimatedfromtwo-dimensionalcascadedata
inordertoextendthecorrelationof cascadeandcompressor-rotordata

u overan itiet-an@erangefrom640to 760. TIEcomparisonindicates
thatthemeasuredrotorturningangleswerewithint2°of thosepredicted
fromcascadedata.

INTROIXJCTION

Multistageaxial-flowcompressorsaredesigned,in general,for
constantsxialvelocityand,whenusedas a partof themodernjetengine,
requirea shortdiffuserand/ora statorbladebetweenthelaststageand
thecombustionchsmhertoreducethevelocitytopracticallimits.If
theabsolutevelocityleavingthelast-stagerotorcouldbe sufficiently
reducedby operatingthelaterstagesof themultistagecompressorat
higherinletanglesandloweraxialvelocity,thenairmightbe introduced
moredirectlyintothecombustionchamber.In orderto determineif this
operationispractical,detaileddesigndataofreference1 havebeen
supplementedby low-speedtwo-dimensionaldatareportedinreference2 for
thinlow-csnberedNACA65-seriesbladesectionsat highinletanglesand
lowsolidifies.

Flowthrougha two-dimensionalcascadeis somewhatdifferentfrcm
throughrotatingbladerows;therefore,a correlationisneeded
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betweenthesimplertwo-dimensionalcascadeflowsandtheflowthrougha
rotatingcompressor.Performancedataofthee rotorswereobtainedfor
threeblade-settinganglesandforsolidifiesof0.5,0.75,and1.0for

w

a rangeof inletanglesfrcm64°to760by USiW NACA65-(czOA10)06b~e
sections(whereCZ isthedesignliftcoefficientofan isolatedair-

foil,as inref.2):anda comparisonismadewithtwo-dimensionaldata
—

ofreference2.
—
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designliftcoefficientofisolatedairfoil

dismeter,ft

massflow,slugs/see

rotorspeed,rps

staticpressure,lb/sqft

totalpressure,lb/sqft

quantityflowofair,cu ft/sec

radius,in.

rotor-bladevelocity,ft/sec

absolutevelocityof air,ft/sec

angleof attackrelativetobladechord,deg

air-inletanglerelativetoblade,measuredfromaxis,deg

adiabaticefficiency,
(Pt,2- Pt,l)

(k
AN> Ve’

percent

airturningangle,deg

blade-settingangle,anglebetweenbladechordandrotoraxisj
deg

airdensity,slugs/cuft
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.
a solidity,ratioofbladechordto gap

w Q quantity-flowcoefficient,~
nDt3

* pressure-risecoefficient

$.
(P,- Pi

static-pressure-risecoefficient,. -

Mft total-pressure-risecoefficient,

Subscripts:

1 upstresmofbladerow

2 downstreamofblade
.

d designcondition

w m mean-radiussection

R relativetorotor

t tipsection

e tangential

row

ROTORDESIGNANDTEST

Therotorsusedin thisinvestigation
tangentialvelocityM.stributioninversely

PROGRAM

weredesignedwithsm exit
proportionalto thelength

3

oftheradius(free-vortexcondition)by usinglow-csnberedNACA
65-(czoA10)06airfoilsections.Thebladechordwasvariedalongthe
bladespantoprovideconstantsolidity.Thebladedesignedfor u = 0.5
wasalsotestedat a = 1.0;however,sincethebladewasoriginally
designedfor a = 0.3,itwasnotpossibleto obtaintheexactdesign
(free-vortex)condition.Sincea compromise.hadtobemadewhichresulted
intheselectionofa blade-settingangleforthedesignconditionthat
wascloseto thestallangleofattackforeachblade-settingangle,the

.
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maximumefficiencyandangle-of-attackrangewereadverselyaffected.
Thesoliditywaschangedby varyingthenumberofblades.Forsolidifies
of 0.5,0.75,and1.0thenumberofbladeswas13,20,and26, respec-
tively.Threeblade-settinganglesweretestedforeachsolidity:that
is,at 40 aboveandat 40belowdesignaswellas at thetwo-dimensional
designangleofattackspecifiedinreference2. ~ical vectordiagrams
forthemeanstationareshowninfigures1 to 3. Thefollowingtable
presentsrotordesigndetailsforeachsolidity-:

—

~ld,
deg

pad,
deg

~d,
deg

Radius,
in.

10.91
12.41
13.91

10.gl
12.41
13.91

10.91
12.41
13.91

Station

65-(6J110)064.6 4.5
65-(4A~o}06 2.5 3.0
613-(3A10)06 2.5 2.0

67.5
70.0
72.0

63.0
67.0
70.0

62.9
67.5
69.5

Hub
Mean
Tip

0.5

0.75
65-(5.6A~o)064.5 6.1
65-(4A10)06 3.0 4.0
65-(3.2A1O)O62.1 2.9

67.5
70.0
72.0

61.5
66.0
70.1

63.0
67.0
69.9

Hub
Mean
Tip

.

w

67-(6Alo)06 5.7 8.I_
65-(4fllo)06 4.0 5.3
65-(3A10)06 2.9 3.6

67.5
70.0
72.0

59*5
64.7
63.4

61.8
66.0
69.1

Hub
Mean
Tip

1.0

(a)Thepartofthedesignationofthesesectionswithinparentheses
followsa systemusedexplicitlyforcompressorandturbineprofiles.
Inthissystemthenumberwithintheparenthesesrepresentsthedesign
liftcoefficientCzo intenths.TheletterA isidentifiedwiththe

meanline a = 1.0 andthesubscriptindicatesthefraction(intenths)
oftheliftcoefficientassociatedwiththeparticularmeanline.

—

Eachrotorwastestedat lowspeedsinthe28-inch-diametertest
compressordescribedinreference3. Staticpressure,totalpressure,
andflowa~les weremeasuredat 14radialstations1$ inchesaheadof
andbehindtherotorby usingflow-surveyinstrumentsoftheprism-probe
typesdescribedinreference4.

Theturninganglesmeasuredareconsideredtobe accuratetowithin
+10●

-T An indicationoftheaccuracyof flowmeasurementscanbe obtained
fromthevariationinmassflowacrosstherotor.(Seefig.4.) For
allsurveysthemaximumdifferenceis4 percent,andtheaveragevaria-
tionisabout2 percent.Efficienciesandpressure-risecoefficients
arebelievedtobe accuratetowithinY3percent.
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Measured
obtainedfrom

RESULTSANDDISCUSSIONOFROTORPERFORMANCE

EfficiencyandPressure-RiseCoefficients

adiabaticefficienciesandpressure-risecoefficientswere
theinstrumentsurveysandweremassweighted.These

quantitiesareplottedagainstquantity-flowcoefficientsforeachof
thethreeblade-settinganglesandsolidifiesinfigures5, 6,and7.

Satisfactoryefficiencieswereobtainedovera moderaterangeof
quantity-flowcoefficientsat eachblade-settingangle.Maximum
efficienciesofapproximately90percentwereobtainedforsol.iditiesof
0.75and1.0forallblade-settingangles.Fora solidityof_O.5maximum
efficienciesofapproximately86percentwereobtainedforthethree
blade-settingsingles.Fora so~dityof 1.0theefficiencywas80per-
centorgreaterforrangesofflowcoefficientsof 0.06,0.10,and0.10
as theblade-settingsngledecreasedfrom Ed+ 40 to Ed - 4°. These
flowcoefficientscorrespondtorangesofangleofattackof approxi-
mately4°,5°,and5°,respectively.At a solidityof 0.75therangesof
flowcoefficientsforam efficiencyof80percentorgreaterwere0.05,
0.11,and0.15as theblade-settingangledecreasedfrom Ed+ 4° to
Ed - 40 withcorrespondingangle-of-attackrangesof 3.00,6.00,md
7.30. Fora solldityof0.5theefficiencywas80percentormorefor
flow-coefficientrangesof0.10,0.13,and0.14as therangesofangleof
attackwere5.00,8.00,and9.00. Forthesamedesigninlet-anglecondi-
tions,thehi~hersolidityexhibiteda smallerangle-of-at~ckoperating
rangeforefficientoperation.

Figure8 ispresentedto showthetypicalvariationofadiabatic
efficiencyacrosstheannulusforthethreesolidifiesat anglesof
attackneardesign.

VariationofsectionTurningAngleWithAngleofAttack

summariesof thevariationof turninganglewithangleofattackat
threeradiiforthreeblade-settinganglesme presentedinfigures9, 10,
and11forsolidifiesof0.5,0.75,and1.0,respectively.Thethree
radiichosenwereforan inboardsection(radius,11.41inches),themean
section(radius,12.41inches),andan outboardsection(radius,
13.41inch&). Theinboardandoutboardsectionswerealmost17percent
of thespanfromtheinnerandoutercasings,respectively.Thesesec-
tionswereselectedinordertoavoidthecasingboundary-layerregions.

w rateof changeof turninganglewithangleofattackwas,in
general,aboutthesameforeachblade-settinganglebuttendedto
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increaseslightlywithincreasingsolidity.
.

Thedecreaseinturning-angle
rangewithincreaseofblade-settinganglewastobe expectedsince,for
a giventurningangle,thestatic-pressurerisechangesrapidlywith w-
changesininletangle.(Seeref.2.) Figure9(a)(u=0.5) indicates
thatseparationoccurredprematurelyontheinboardsectionat ~d and
Ed+ 4°,andthisprematureseparationaccountsforthelowerstaticrise
andoverallefficiencypresentedinfigure5. Thesameconditionoccur~d

—

at theoutboardsectionfor a = 0.75 (fig.lo(c)).Althoughthecurves
forturningangleagainstangleofattack,ingeneral,aretypicalof
rotorperformance,theusefuloperatingrangeoftheoutboardsection

,.,

couldhavebeenincreasedslightlyby decreasingthedesignemgleof
attackby approximately20. Theestimatedresultsfromtwo-dimensional
data(ref.2)werewithin~20ofthemeasuredvaluesoftherotor.

ComparisonBetween Low-SpeedRotorandCascadeTurningAngles

Figures12,13,and14presenta detailedcmparisonof spanwise
variationsofmeasuxedturninganglesandthoseesthnatedfromcascade
dataforthreeanglesofattackforeachofthreeblade-settingangles
andforeachofthreesolidifies.Cascadedatawerenotextensive
enoughtoprotideestimatedvaluesforallofthesolidityof0.5;how-
ever,theestimatedvaluesthatwereavailablecomparefavorablywith
themeasuredvalues.Forsolidifiesof0.75and1.0,thespanwise
variationofthemeasuredvalueswaswithin0.5°to1.5°ortheesti-
matedvaluesexceptneartheinnerandoutercasing.Thegreatest
deviationbetweenmeasuredandestimatedvaluesoccurrednearthetip.
Thisdifferenceisgreaterat thetipbecauseofthethickerboundary
layerandtherotortipclearance.3othfactorscombinetogivean
increasein theeffectiveangleofattackandturningangle.

CarpetPlots

Figurel~presentsrotortestdataascrossplotsofturning-angle
dataagainstair-inletangleandangleofattackforthe0.4cambermean
section.Forthisfigurethecarpet-plottechniquedescribedinrefer-
ence5 wasused.Foreachsolidity,theangle-of-attackscaleswere
stiftedalongtheabscissaa numberof scaleunitsproportionalto the
changesin inletangle.Combinationsofangleofattackandinletangle
wereshiftedalongtheabscissaa numberof scaleunitsproportionalto
thechangesin solidity.Linesofconst@ntangleofattackandinlet
anglehavebeendrawn.Interpolationsforintermediateanglesof
attack,air-inletangles,andsolidifiescambemadealongtheabscissa.

.

w

—
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CONCLUSIONS

Thetuningangles,static-andtotal-pressurerise,sndquantity
flowweremeasuredin a testcompressorforthreesolidifiesoverranges
ofblade-settingsagles,anglesofattwkj~d air-inlet~~es. The
valuesobtainedwereccmparedwithvaluesestkted fromtwo-dimensional
data,andthefollowingconclusionsaremade:

1.Turninganglesestimtedfromtwo-dimensionaldatawerewithin
t2°af themeasuredvaluesoftherotor.

2.Therotorefficiencywaasatisfactoryovera moderaterangeof
quantity-flowcoefficientsat eachblade-settingangleandforthethree
solidifies.

3. Designanglesof attackathighair-inletanglesmustbe accu-
ratelyselectedformaximumefficiencyandangle-of-attackrange.

LangleyAeronautical.Laboratory,
NationalAdvisoryC!cmmitteeforAeronautics,

LangleyField,Va.,May21,1958.
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Figure6.. Variationof adiabaticefficiencyandtotal-andstatic-
pressure-risecoefficientswithquantity-flmcoefficientsat three
blade-settingangles,a = 0.75,and Ed = 67.00.Verticallines
acrosscurveindicatedesignangleofattack.
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